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We set constraints on millicharged particles (mCPs) based on electron scattering data from Mini-
BooNE and the Liquid Scintillator Neutrino Detector (LSND). Both experiments are found to
provide new (and leading) constraints in certain mCP mass windows: 5 − 35 MeV for LSND and
100−180 MeV for MiniBooNE. Furthermore, we provide projections for the ongoing SBN program,
the Deep Underground Neutrino Experiment (DUNE), and the proposed Search for Hidden Particles
(SHiP) experiment. Both DUNE and SHiP are capable of probing parameter space for mCP masses
ranging from 5 MeV − 5 GeV that is significantly beyond the reach of existing bounds, including
those from collider searches and SLAC’s mQ experiment.
Introduction: The extensions of the Standard Model
(SM) by light weakly charged particles, and their probes
at the intensity frontier experiments have become an im-
portant direction of modern particle physics [1]. One
of the simplest and most natural ways of coupling new
particles to the SM is via a “kinetic mixing” or “hyper-
charge portal” [2, 3], which at low energy may lead to
millicharged particles (mCPs), that would seemingly con-
tradict the observed quantization of electric charge in na-
ture [4]. In recent years, a wide class of related models
were studied in connection with dark matter [5–7] (see
also [8–16]), and mCPs can be viewed as a specific limit
of those theories.
It is well appreciated that both proton and electron
beam dump experiments provide sensitive probes of
vector portal models. In particular, production and
scattering of light dark matter [9] has been studied as a
function of mediator mass mA′ , dark sector coupling αD,
dark matter mass mχ, and kinetic mixing parameter Y .
Depending on the relation between these parameters,
either the past electron beam dump facilities [12] or the
proton fixed target experiments with a primary goal of
neutrino physics [10, 13] provide the best sensitivity.
However, the simplest limit of mA′ → 0, when the pa-
rameter space simplifies to the mass and effective charge
of mCPs, {mχ, }, was analyzed only in the context of
electron beam dump experiments [17, 18]. Clearly, fixed
target neutrino experiments, such as the existing data
from MiniBooNE [19] and the Liquid Scintillator Near
Detector (LSND) [20], and the soon to be released data
from MicroBooNE, the ongoing SBN program [21], the
Deep Underground Neutrino Experiment (DUNE) [22],
and the proposed Search for Hidden Particles (SHiP)
[23] serve as a fertile testing ground of MeV–GeV physics
due to their inherently high statistics [10, 13, 24, 25].
These experiments all serve as promising avenues to
probe the mCP model.
The purpose of this Letter is twofold: First, we demon-
strate that existing data from LSND provides leading
bounds on mCPs (slightly surpassing existing constraints
from SLAC’s mQ experiment [17]) in the low mass regime
(mχ . 35 MeV). Likewise, newly released data from
MiniBooNE [19] can set more stringent bounds on mCPs
in the mass range of 100 MeV . mχ . 180 MeV. Second,
we predict that by optimizing search strategies at ongoing
and upcoming experiments (such as MicroBooNE,SBND,
DUNE, and SHiP), fixed source neutrino experiments can
serve to provide leading bounds for mCP masses over the
full range of masses 5 MeV . mχ . 5 GeV. The detection
signature of mCPs in these experiments is elastic scatter-
ing with electrons, and we find that detection prospects
are highly sensitive to the threshold imposed on the elec-
tron’s recoil energy. Therefore, significant gains in sen-
sitivity to mCPs may be achieved by future experiments
by optimizing the detection of low energy electrons.
Our results have direct implications for models with
late kinetic coupling of dark matter and baryons [30] that
could lead to extra cooling of the baryon fluid and spin
temperature at redshifts z ' 20, which in turn may re-
sult in a more pronounced 21 cm absorption signal. If a
fraction of dark matter is in the form of mCPs, this ex-
tra cooling mechanism can be naturally realized [31, 32],
and fit the unexpected strength of the signal reported
by Experiment to Detect the Global Epoch of Reioniza-
tion Signature (EDGES) [33]. The interpretation of the
EDGES result as shedding light on dark matter-baryon
interactions necessitates a careful consideration of exist-
ing laboratory constraints. In particular, our analysis
reveals that sensitivities from LSND, SBND, SHiP, and
DUNE can explore previously unprobed regions of pa-
rameter space that are favored by the 1%-mCP fractional
dark matter hypothesis [29, 32, 34].
Production and detection: Fixed target neutrino
experiments rely on the production of neutrinos from
weak decays of charged pions. In generating an appro-
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2FIG. 1. Exclusion curves for fermionic mCPs (results are
broadly similar for scalars). Existing data is shown as solid
lines, while projections are shown as dashed curves. The
kinematic reach of a given experiment is set by the heavi-
est meson of interest it can produce. This is pi0 for LSND,
η for the Booster experiments, and Υ for DUNE. At SHiP,
Drell-Yan production extends the kinematic reach to roughly
10 GeV. The sensitivity of each experiment can be under-
stood via Eq. (4) while the relevant parameters for each ex-
periment are summarized in Table I. The bound on Neff [26]
comes from changing the effective number of neutrinos dur-
ing BBN, while the SLAC mQ and collider bounds are taken
from [17] and [18, 27] respectively. The projected sensitivities
at milliQan are from [27, 28]. Our exclusions apply indepen-
dently of the existence of a dark photon, which would only
introduce additional constraints [29].
priately large flux of pi± these experiments necessarily
also produce a similar number [i.e. O(1020)] of pi0 [16].
For large beam energies, other neutral mesons (e.g. η, Υ,
J/ψ) are also produced. Any significant branching ratios
to lepton pairs necessarily implies an associated decay to
pairs of mCPs, resulting in a significant flux of mCPs
even for extremely small charges. In the case of η and
pi0, Dalitz decays pi0/η → γχχ¯ dominate, while for J/ψ
and Υ direct decays J/ψ,Υ → χχ¯ are most important.
The branching ratio for a meson, M, to mCPs is given
roughly by
BR(M→ χχ¯) ≈ 2×BR(M→ Xe+e−)×f(mχ
M
)
, (1)
whereM is the mass of the parent meson, X denotes any
additional particles, and f(mχ/M) is a phase space factor
that decreases slowly as a function of mχ/M . The num-
ber of mCPs passing through the detector is a function of
both the branching ratio and geometric losses which can
vary substantially between experiments (see Table I).
We now turn to the detection of mCPs at neutrino
beam dump experiments, where the predominant signa-
ture is elastic scattering with electrons. The dominance
of electron scattering as a detection signal is related to
the low-Q2 sensitivity of the scattering cross section. Ex-
plicitly, in the limit of small electron mass, we have
dσeχ
dQ2
= 2piα22 × 2(s−m
2
χ)
2 − 2sQ2 +Q4
(s−m2χ)2Q4
. (2)
Upon integrating over momentum transfers, we see that
the total cross section will be dominated by the small-
Q2 contribution to the integral. In this limit, we have
dσeχ/dQ
2 ≈ 4piα22/Q4, and so we can see immedi-
ately that σeχ ≈ 4piα22/Q2min. We may relate Qmin
in the lab frame to the recoil energy of the electron via
Q2 = 2me(Ee −me) [35]. An experiment’s recoil energy
threshold, E(min)e , then sets the scale of the detection
cross section as
σeχ = 2.6× 10−25cm2 × 2 × 1 MeV
E
(min)
e −me
. (3)
Consequently, sensitivity to mCPs can be greatly en-
hanced by accurately measuring low electron energy re-
coils (an important feature for search strategies at future
experiments).
Results: We now discuss the details of the modelling
and analysis used to create Fig. 1. The various curves
are obtained by performing a sensitivity analysis [36]:
given a number of predicted background events b and
data n, the number of signal events sup consistent with
the observation and backgrounds at (1 − α) credibility
level is found by solving the equation α = Γ(1 + n, b +
sup)/Γ(1 + n, b) where Γ(x, y) is the upper incomplete
gamma function [37]. Throughout this paper, we choose
a credibility interval of 1 − α = 95% and calculate the
corresponding bounds implied by sup on our mCP model
according to the formula
sup =
∑
Energies
4×Nχ(Ei)× NeArea×σeχ(Ei; mχ)×E . (4)
Here,  is the mCP electric charge (in units of e), Nχ(Ei)
represents the number of mCPs with energy Ei arriv-
ing at the detector, σeχ(Ei) is the detection cross section
consistent with the angular and recoil cuts in the experi-
ment, Ne is the total number of electrons inside the active
volume of the detector, E is an overall electron detection
efficiency. Finally, “Area” in (4) stands for the active vol-
ume divided by the average length 〈l〉 traversed by parti-
cles inside the detector. The total exposure is contained
in Nχ(Ei). For most of the mCP parameter space under
consideration, electromagnetic decays of mesons provide
the dominant flux contribution, whereas Drell-Yan pro-
duction (DYP) dominates for the large mCP masses that
are only accessible at DUNE and SHiP.
To estimate how many mCPs of energy Ei arrive at the
detector, we model the angular and energy distributions
of the mesons using one of several empirical formulas to
be discussed below. Given a meson produced at a certain
angle and energy, we numerically sample its branching
3N [×1020] Ageo(mχ)[×10−3] Cuts [MeV]
Exp. pi0 η 1 MeV 100 MeV Emine Emaxe Bkg
LSND 130 — 20 — 18 52 300
mBooNE 17 0.56 1.2 0.68 130 530 2K
mBooNE* 1.3 0.04 1.2 0.68 18 — 0∗
µBooNE 9.2 0.31 0.09 0.05 0.8 40 16
SBND 4.6 0.15 4.6 2.6 0.8 40 240
DUNE 830 16 3.3 5.1 2 40 19K
SHiP 4.7 0.11 130 220 20 50 25
TABLE I. Summary of the lifetime meson rates (N), mCP
detector acceptances (Ageo), electron recoil energy cuts, and
backgrounds at each of the experiments considered in this pa-
per. In all experiments a cut of cos θ > 0 is imposed in our
analysis (∗except for at MiniBooNE’s dark matter run where
a cut of cos θ > 0.99 effectively reduces backgrounds to zero
[38]). For the SHiP and DUNE experiments, we also include
J/ψ and Υ mesons as well as Drell-Yan production which are
discussed in the text. We use an efficiency of E = 0.2 for
Cherenkov detectors, E = 0.5 for nuclear emulsion detectors,
and E = 0.8 for liquid argon time projection chambers. The
data at LSND and MiniBooNE is taken from [39] and [19]
respectively. Projections at MiniBooNE* [40], MicroBooNE
[41], SBND [21], DUNE [22] and SHiP [42] are based on ex-
pected detector performance.
ratio to mCPs over all possible angles and energy in the
lab frame, and determine the fraction of its branching
ratio to mCPs in which one of such particles has en-
ergy Ei and is pointed towards the detector. Repeating
this procedure over all production energies and angles of
the meson yields the meson contribution to Nχ(Ei). For
DYP of mCPs from a quark and anti-quark pair, we inte-
grate over the full production phase-space using MSTW
parton distribution functions [43], and using Heaviside
functions, we select the proportion of events containing
an mCP pointed towards the detector, with energy Ei.
Having given a general overview of how our sensitiv-
ities are obtained, we now focus the discussion on the
details of each experiment. In Table I, we show for each
experiment: the lifetime rates for pi0 and η mesons, the
geometric acceptance Ageo(mχ) [44], the cuts that we
have imposed, and the expected number of background
events. Using Eq. (4) this is sufficient information to
approximately reproduce our results.
At LSND, the pi0 spectrum is modelled using a
Burman-Smith distribution [45, 46] assuming 2 years of
operation on a water target and 3 years of operation on
a tungsten target. Our LSND analysis is based on [39],
which featured 1.7 × 1023 protons on target (POT), a
beam energy of 0.798 GeV, and a single electron back-
ground of approximately 300 events with energies ranging
between 18 MeV and 52 MeV. We estimate the Ne/Area
in Eq. (4) to be 2.5× 1026 e−/cm2.
The resultant meson spectrum from Fermilab’s Booster
Neutrino Beam (BNB) is relevant for MiniBooNE, Mi-
croBooNE, and SBND. The BNB delivers 8.9 GeV pro-
tons on target and so can produce substantial numbers of
both pi0 and η mesons. The former’s angular and energy
spectra are modelled by the Sanford-Wang distribution
[16, 47], and η mesons by the Feynman Scaling hypothesis
[47]. These distributions are common across all three of
the aforementioned experiments. We have compared our
geometric acceptances with those generated using [16]
and reasonable (to within an O(1) factor) agreement.
At MiniBooNE we perform two distinct analyses: First
we consider the recently updated neutrino oscillation
search [19]. We combine data from both neutrino and
anti-neutrino runs and consider a sample of 2.41 × 1021
POT for which we take the single electron background to
be 2.0×103 events and the measured rate to be 2.4×103.
Next, motivated by a dedicated dark matter search with
1.86× 1020 protons on target [48], we consider an antici-
pated parallel analysis [40] involving electron-recoil data.
Backgrounds were suppressed by operating the beamline
in an “off-target” mode, (i.e. not collimating charged pi-
ons), and these can be further suppressed (to zero) by
imposing a cut of cos θ > 0.99 on the electron’s recoil
angle [38]. In both cases we estimate an electron num-
ber density of 3.2 × 1026 e−/cm2. The sensitivity curve
quoted in Fig. 1 assumes that the upcoming analysis re-
ports no signal consistent with mCPs.
At MicroBooNE, the meson rates assume 1.32 × 1021
POT and we estimate that the detector has an electron
density of 3.9 × 1026 e−/cm2. The chosen recoil cuts
are based on the lowest reaches achievable given the wire
spacing in MicroBooNE’s liquid argon detector [41]. The
wire spacing is 3 mm and the ionization stopping power
is approximately 2.5 MeV/cm, so electrons with energy
larger than 0.8 MeV produce tracks long enough to be
reconstructed. Based on this and the requirement for
ionization signals that don’t shower, we limit ourselves
to recoil cuts between 0.8 MeV and 40 MeV. The treat-
ment of SBND is broadly similar to MicroBooNE, but
we assume 6.6 × 1020 POT, which corresponds to half
the run time of MicroBooNE.
At SHiP our results assume 2× 1020 POT and a near
detector 50 m from the beam stop with an electron den-
sity of 2.7 × 1026 e−/cm2. The large beam energies of
400 GeV allow us to include J/ψ and Υ, in addition to
pi0 and η. We do not include mesons such as ρ, ω and φ,
because they do not serve to significantly alter the sensi-
tivity offered by J/ψ (although their inclusion would only
serve to increase sensitivity at SHiP for mχ . 400 MeV).
At the energies of SHiP, production of pi0 and η can be
described by the BMPT distribution [16, 49]. These dis-
tributions are slightly different depending on the mass
of the meson with the η having a spectrum that is more
forward pointed. We have compared our geometric ac-
ceptances to those obtained using [16] and found reason-
4able agreement, with our acceptances being smaller by a
factor of four. For production of J/ψ, we assume that
their energy production spectra are described by the dis-
tributions in [50]. These distributions rely on production
being highly peaked in the forward direction and param-
eterized as dσ/dxF ∝ (1− |xF |)5, where xF = 2p‖/
√
s is
the meson’s longitudinal component in the COM frame
of the collision. We account for geometric losses by us-
ing an empirical formulae for the pT distribution pro-
vided in [51]. We assume that the production spectrum
of Υ mesons are similarly given, and normalize their to-
tal cross section to the data in [52]. Using this, we have
reproduced the Pb rates in Table 3 of [53] for J/Ψ, and
for Υ we reproduced the Pt rates in Table 1 of [54]. As
for our results in Fig. 1, we estimate NJ/ψ = 2.1 × 1015
with an acceptance of Ageo(100 MeV) = 8 × 10−2, and
NΥ = 1.2× 1011 with Ageo(100 MeV) = 7.2× 10−2. For
large mCP masses, DYP becomes the main production
mechanism. We calibrate our DYP calculations by repro-
ducing the dimuon invariant mass spectrum in Fig. 11 of
[55] from the FNAL-772 experiment [56].
At DUNE, our treatment of meson production is very
similar to the treatment at SHiP. We model pseudoscalar
meson production using the BMPT distribution, as be-
fore, but use a beam energy of 80 GeV [22] and account
for differences in the target material. We also include
J/ψ and Υ mesons and treat them as described above.
Our detector treatment and electron recoil cuts are mo-
tivated by the capability of MicroBooNE’s liquid argon
time projection chamber (LAr-TPC) detector, and in
particular its ability to measure low energy electron re-
coils. We assume 3 × 1022 POT and a 30 tonne liquid
argon detector which corresponds to 5.4× 1025 e−/cm2.
We estimate NJ/ψ = 3 × 1016 with an acceptance of
Ageo(100 MeV) = 2.4 × 10−3 and NΥ = 5.1 × 109 with
Ageo(100 MeV) = 3.7 × 10−3. Lastly, it is important to
point out that our results do not include multiple scatter-
ing effects through dirt. Low velocity mCPs with a mod-
erate charge (i.e.  & 0.03) might get impeded by their
long transit through dirt. This is relevant for DYP at
DUNE and could weaken our sensitivity formχ & 2 GeV.
Larger  may also lead to a double scattering of mCPs
inside the detectors, which could be used as an additional
tool of discriminating their signature against the neutrino
background.
We now discuss our modelling of the single electron
backgrounds appearing in Table I. We consider two
classes of backgrounds: those coming from each exper-
iments flux of neutrinos [i.e. νe → νe and νn → ep],
and those coming from external sources such as cosmics,
mis-identified particles, or dirt related events.
We treat neutrino induced backgrounds in detail for
each experiment by summing over the neutrino fluxes
provided by each collaboration and accounting for the
detection efficiencies E . Furthermore, a large background
reduction is obtained by imposing the electron recoil cuts
E
(max)
e shown in Table I. These do not significantly af-
fect the signal (which is dominated by low electron re-
coils), but significantly reduce charged and neutral cur-
rent backgrounds [57, 58].
We model the external sources of backgrounds by mul-
tiplying the neutrino induced backgrounds by an overall
multiplicative factor. LAr-TPC detectors can use timing
and directionality information as vetoes to reduce addi-
tional sources of backgrounds; this is not possible in a
nuclear emulsion chamber. Therefore, we multiply our
neutrino induced backgrounds by a factor of 10 for LAr-
TPC detectors (MiniBooNE, SBND, and DUNE) and a
factor of 25 for nuclear emulsion detectors (SHiP); this
increase in the backgrounds decreases our sensitivity to 
by 20−30%. Although our naive procedure likely overes-
timates the backgrounds, we emphasize that our results
in Fig. 1 can be easily revised for different background
assumptions according to [37].
Outlook: We have shown that millicharged particles
can be effectively probed at fixed target neutrino exper-
iments due to large number of mesons produced with
electromagnetic decay pathways. This includes using ex-
isting data from both LSND and MiniBooNE that are
able to provide the leading sensitivity to mCPs for cer-
tain sub-GeV masses. Beyond serving as a probe of fun-
damental physics questions such as charge quantization,
this newfound sensitivity has implications for models of
physics beyond the Standard Model. In particular it fur-
ther restricts the parameter space of cosmological mod-
els where a fraction of mCP dark matter results in extra
cooling of baryons that modifies 21 cm physics at high
redshifts.
Equally important are our projected sensitivities at
MicroBooNE, SBND, DUNE and SHiP. The successful
deployment of these experiments as probes of mCPs will
rely heavily on their respective collaboration’s search
strategy. In particular by working to increase the sen-
sitivity to low energy electron recoils the predicted sig-
nal rate can be enhanced, with a scaling proportional to
1/(Ee −me). MicroBooNE in particular has shown pre-
liminary work that suggests good sensitivity to electron
recoils with kinetic energies as low as 300 keV is possi-
ble [41]. If this can be achieved, it is conceivable that
the combined sensitivity of LSND, SBND, MicroBooNE,
and SHiP could provide the leading sensitivity to mCPs
in the full range of 5 MeV . mχ . 5 GeV.
Finally, we close by noting that besides the discussed
current and future neutrino experiments, further progress
may come from new experimental concepts. Significant
progress may come from coupling large underground neu-
trino detectors with purposely installed new accelerators
[13, 59]. Millicharged particles may also be searched
by experiments in disappearance channels [60–62], where
e+e− → γ + χ + χ¯ and Z + e− → Z + e− + χ + χ¯ pro-
duction leads to anomalous missing momentum/energy
from the χ-pair that pass through a detector without
5depositing energy. Because of the advantageous scaling
with  (second, rather than the fourth power), there are
clear prospects on improving bounds on mCPs above the
100MeV energy range.
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